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CERTAIN NEUTRON PROPERTIES OF MATERIALS
Part 1

By H. Barschall, E. Graves, J. H. Manley, and V. F. Weisskop{

ABSTRACT

Measurements are being made of the transport cross section and inelastic scattering cross
section for fast neutrons of various energies in various materials. This is the first of a series of
reports in which the results are to be reported and discussed. It includes measurements of back
scattering and poor-geometry transmission scattering for neutrons of 1.5 and 3 Mev.

A. INTRODUCTION

The present experiments have as their purpose the measurement of the transport mean free
path, i.e., the reciprocal of the transport cross section times the number of nuclei per unit volume.
The transport cross section ¢y is defined by

»

s
o= Jo(6) (1~ cos g) sin 0 do
0

where @ is the scattering angle and o(g) the total scattering cross section per unit solid angle, i.e.,
the sum of the cross sections for elastic and inelastic scattering.

The energy loss in inelastic scattering of the neutrons is investigated by measuring the
scattering cross section for different bias energies of the detector. From the differences of these
cross sections some idea of the spectrum of the scattered neutrons may be obtained.

In the present report measurements on 3-Mev and 1.5-Mev neutrons will be described. Measure-
ments at 0.6 Mev will be reported later.

Two kinds of experiments were carried out: back scattering and transmission experiments.

In the back scattering experiments, a detector is placed between the source of neutrons and a
thin disk of the material, and is either shielded from the direct beam by a shadow cone or is made
sufficiently directional that this is unnecessary. The detector receives neutrons scattered between
some minimum angle 9,,;,, defined by the edge of the disk, and an angle © which is equal to 7 if
there is no shadow cone, or is defined by the shadow if there is one. The scattered intensity may be
written

@
1= Ionxf W(g) [oe(,g) + oil(e)] dw
9 min

where I is the intensity of the direct beam.
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W(g) = a weight factor dependent on the geometry, the angular distribution of the source, and
the angular sensitivity of the detector.*

0e(6) = elastic scattering cross section per unit solid angle.
0j'(g) = inelastic scattering cross section per unit solid angle of neutrons which have not lost

sufficient energy to be removed from the detectable class. This term can be made small by suitable
choice of detector.

n = the number of nuclei per.cc in the disk.

x = thickness of the disk.

In the transmission experiments, the disk is symmetrically located between the source and
detector. The results are given in terms of an ‘‘observed cross section,”’ o, defined by I = I e~1X0~,
where I and I, are the intensities with and without the disk. Assuming a uniform neutron flux incident
on all parts of the disk and defining

oio = total inelastic cross section corresponding to an energy loss which makes the neutron
undetectable,
fmax = the maximum angle through which a neutron may be scattered and still reach the
detector,

we may writex*

T T Yij T T 6
o= f oedw + / oj'dw +f 0;%dw = / Oedw +f ojdw - f max o.ldw,
0 0

fmax fmax 6max 0
where
of +0;%=0;
The observed cross section, o, is seen to depend on the detector bias only through the last term.
It follows that if the detector is sensitive only to the primary neutrons, oil approaches zero and o is

the total inelastic cross section plus the cross section for elastic scattering through an angle greater
than g ;4. On the other hand, if the detector were equally sensitive to neutrons of all energies

T
(04 = 0j) theno = / (0g + 07) dw.

6 max

It is also evident that the inelastic scaitering effect as measured by o3' will vary directly with
the solid angle bounded by 6 max- Suitable combinations of differences for various angles and detector
sensitivity permit a fairly complete analysis of the scattering and its angular dependence.

A comparison of the results of back scattering and transmission experiments yields a fairly
reliable value for the transport cross section and for the cross section for inelastic scattering.

B. BACK SCATTERING EXPERIMENTS WITH DIRECTIONAL DETECTOR AND 3-MEV NEUTRONS

1. Introduction

The elastic reflection of neutrons from the material can be investigated with a detector whose
sensitivity is a rapidly increasing function of neutron energy, since such a detector practically does
not record neutrons which have lost energy. A thick-paraffin hydrogen recoil is nearly ideal for such
measurements since it has a good efficiency, it can be made directional, and it is most sensitive to
the neutrons of highest energy. The directional properties of recoil protons eliminates the necessity
for a shadow cone usually required to keep the large direct beam from completely masking the small
back scattering. '

*A more complete discussion of these matters will be included in a subsequent paper of this
series.
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2. Source

The neutrons used for the initial experiments were obtained from the D-D reaction with 50 to
100u a2 of 200-kv unanalyzed ions on a thick heavy-ice target. The target was cooled with a liquid
oxygen refluxing system which has the advantage of requiring oaly a small amount of material near
the target. The neutron intensity was monitored by counting the protons from the companion reaction.

The general arrangement is shown in Figure 1.

; : SCATTERER

REGOIL
CHAMBER

,,,,,,,

TARGET
GOOLING

PROTON
MONITOR

FLOOR LEVEL

Figure 1.

The deuteron beam was well collimated by two tungsten diaphragms with 3/8-inch diameter
apertures in order to locate the source accurately on the target. For the conditions of the experiment,
the neutron spectrum rises steeply from 2.5 to 3.1 Mev and then falls abr'upﬂy to zero. The energy
spread at half-maximum is 10% of the maximum energy.

The angular distribution of this source for the conditions of the experiment is assumed to be
(1 + 0.7 cos®n) in the center of mass system. Experimentally, the counting rate variation from center
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to edge of scatterer was found to be less than 10%, in agreement with the above assumption. The
half-angle subtended by the scatterer was approximately 17°. The corresponding energy variation
is only about 1%.

3. Recoil Chamber

The detector developed for the purpose of these measurements is shown in Figure 2. The
chamber was connected to a linear amplifier by means of a coaxial lead about 18 inches long in
order to eliminate scattering material in the neighborhood of the chamber. The time of rise of the
amplifier was less than 10 microseconds and a short time constant limited the response to motion
of the electrons produced by protons in the chamber. With a fast discriminator and a scale of 64,
relatively high counting rates were possible with inappreciable loss. The operation of all electrical
circuits was frequently checked with artificial pulses. The collection of ions and the corresponding
pulse height was periodically investigated with o -particles inserted through the window and with D-D
neutron recoils. These recoils were also used to establish the energy scale for the artificial pulses
on the assumption of a linear relation between recoil energy and voltage change of the collecting
electrode of the chamber. With this scale, the artificial pulses were used to set the discriminator
to the desired bias. All pulses greater than this value were recorded.
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Figure 2.
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As first constructed, the chamber was about 20 times as sensitive to neutrons incident on the
convex surface of the radiator as for those incident on the concave. A series of investigations as to
the origin of the high ‘‘background’’ led to lining the chamber with gold sheet. With such a lining
this ratio was approximately 100. The counting rate as a function of the angle .of incidence of the
neutrons is shown in Figure 3.
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Figure 3. Angular responseof recoil chamber.
Tt-was not possible ito measure the dbselute 'sensitivity .of the chamber for neutrons of energy

above the bias energy used, hut bias ccurves were itaken for :2.5-and 3.1-Mev neutrons. These curves
indicate a reasonable agreement with the response from a thick-paraffin radiator,

s ""Eo-‘% [1 ~(Ep/Eo) 3/2] 2
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which is valid for normal incidence of neutrons of energy E, on a radiator from which-'recoils of energy
greater than Ej, are observed. The geometry and mode of ion collection of the present chamber are not
such that more than approximate agreement can be expected.

4. Geometry

In order to specify the geometry, the center of the detector is defined as the point 3/8 inch
from the pole of the paraffin cap toward the center of the sphere. Calculations were made to show
that this point is quite close to the center of sensitivity of the detector. The position of the scatterer
was taken as that of its median plane, and the effect of finite thickness was found to be less than 1%.
These points are used to specify the target to scatterer distance, D, and the detector to scatterer
distance, 8. Unless otherwise noted, measurements were taken with D = 16 inches; § = 1 7/8 inches.
‘These dimensions and the scattering disk of 10-inch diameter define a minimum scattering angle of
omin = 130°. The geometric relations involved for this type of back scattering measurement are
shown in Figure 4.

\
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SCATTERER

Figure 4. Geometric arrangement for back scattering.

It can be shown® that the counting rate for this case due to the presence of a scatterer of N atoms/ cm?

is given by: .

" E(n) 8) o6) dw
(D - ) [(Dr/R) - GR/7)]

C=CoDg N
9 min

*Here (D — 8§)>1, CODO’ F(n) S(p) > 8(¢,7n), as shown by Olum.}




MDDC - 485 [7

In addition to the quantities defined by Figure 4,
COD; = direct beam counting raté times the square of the distance from the source at which

it is measurec {always at n = 0).
F(n)= number of neutrons per unit solid angle from the source, normalized to unity at
n =0. .
S(¢) = the angular sensitivity of the detector (see Figure 3).
0(8) = the scattering cross section per unit solid angle.
Omin = sin~! a(D — 8)/Rr

This geometry obviously leads to an average of 0() weighted according to the rest of the inter-
grand, but since a properly weighted o(6) is desired for a transport cross section this may be advan-
tageous. That it is not completely so is illustrated in Figure 5 in which the intergrand, I, for two-
disk geometries, as calculated by Olum, and that for the transport cross section are plotted as a
function of 6. The rapid rise at the edge of the disk has its origin in the relatively large area sub-
tended by a given d6 as ¢ increases in this geometrical arrangement. Questions of intensity and
availability of materials precluded a closer adjustment to the desired weighting. The geometric data

on the scatterers used are included in Table 1.
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Figure 5. Weight factor for back scattering.
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5. Procedure

The counting rate C was obtained as the difference between that with a scatterer in place and with
the scatterer removed. For the worst scatterer investigated, the rate with scatterer was about twice
that without. Cq was determined by rotating the chamber through 180° to a position on the axis Dy
inches from the target. The background for this direct-beam measurement was completely negligible.
To secure satisfactory statistical accuracy, most of the total observation time was the time for re-
cording scattered neutrons, since the net rate for the best scatterer was only about 7% of that of the
direct beam. All counting rates were related to the proton monitor which had been checked for flatness
of bias curve and tested for reproducibility with a BF neutron counter.

Two complete sets of counting rates, C and C,, were taken according to this procedure for each
scatterer. The first corresponded to a bias setting of the detector to record all recoils of energy
greater than 1.4 Mev, the second to record all those of energy greater than 1.7 Mev. These values
must not be construed as signifying that neutrons down to such energy are detected with nearly the
same efficiency as those of higher energy. On the basis of the previously mentioned thick-paraffin
sensitivity a rough idea of the sensitivity may be obtained. Since all scattering data were normalized
to the direct beam for each bias we may arbitarily take 100 as the chamber sensitivity for 3.1-Mev
neutrons. The accompanying tabulation gives the relative sensitivity for neutrons of lower energy.

Bias, Mev
Neutron energy, Mev 1.7 1.4
3.1 100 100
2.5 46 38
2.0 14 5
1.5 1 0

This tabulation points out the important fact that at either bias the detector is predominantly
sensitive to neutrons which have lost little energy. It was this feature which lead to the use of such a
detector.

In tabulating the results (Table 2) obtained from the measurements of C and Cp, it has been as-
sumed that the cross section o(6) is constant in the angular range of the integral given above. However,
as has been pointed out, the weighting emphasizes the scattering near the minimum angle. To a certain
degree, this is checked by measurements on a lead disk and ring, measurements whose difference is
not outside the error in each. The results on tungsten carbide for two different minimum angles
indicate that at least in this case there is not a significant angular variation. The data of Table 2
are given as 47 0(0) purely for ease of comparison with other total cross sections, even though it is
recognized that the scattering is in all probability not spherically symmetric and that the asymmetry
depends on the element. No corrections have been applied to the results of Table 2 for energy loss in
elastic scattering of the light elements or finite size of detector and scatterer. Olum has examined
this last point and has concluded that such corrections are less than 2%.

In view of the supposition that the type of detector used is predominantly sensitive to elastically
scattered neutrons for either bias, it is rather surprising to find significant differences in the data
taken at the two bias values. In order to see if such effects can be real, the previously mentioned thick~
radiator formula was used in combination with energy loss to be expected on classical grounds in
aluminum and carbon to calculate the bias effect in these elements. The results are:

Calculated - Observed

Aluminum 1.11 1.26 £ .13
Carbon 1.43 1.62 *+ .14

Since these are in fair agreement for two light elements in which a truly nuclear inelastic scattering
is unlikely, significant bias effects for the heavy elements may be assumed to indicate a certain amount
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of inelastic scattering. The effect is generally larger in the light elements which is reasonable in
view of the detector sensitivity and the fact that inelastic scattering in the heavy elements should give
rise to a relatively large energy loss.

As a check on multiple scattering, two thicknesses of iron and beryllium oxide were used, and the
data are given for samples 2 and 3 and samples 6 and 7 in Table 2. The data are not sufficiently ac-
curate to be able to state more than that the change in cross section is not unreasonable. The total
cross section for iron leads to an expectation of 0.68 for a collision in the one-inch specimen, but this
cross section includes small-angle scattering. On the basis of the present differential cross section,
assumed isotropic, the probability of a double scattering is only about two per cent. Since similar
conclusions can be drawn for the other elements, no corrections for the existence of this effect were
applied. i

6. Results of Others

Previous investigations of this type are few in number. The data of Wakatuki and Kikuchi? cannot
be used for comparison since their ionization chamber detector undoubtedly was sensitive to neutrons
of lower energy. Their cross section would include more inelastic scattering and therefore be larger
than in the present case. Their values of 3.2 for Pb, 1.9 for Fe, and 1.9 for Al consequently may not
be considered as in disagreement. The values of Barschall and Ladenburg?® (Pb, 2.5; Fe, 0.6; C, 1.2;
Al, 1.1), on the other hand, should be comparable since these results were obtained by counting helium
recoils of energy greater than 1.1 Mev. Dunlap and Little* have observed the scattering of 2.5-Mev
neutrons by lead, obtaining the spectral distribution with a cloud chamber. They conclude that there
is a considerable asymmetric elastic scattering in lead and an inelastic cross section of about 1.5 barns
with a most probable energy loss of 1 Mev. The most recent work of this kind is that of Frisch and
McKibben, in which the fission of U?*® was used for detecting the scattered neutrons. Only in the case
of lead is there a good agreement. In all other cases the cross sections found in the present experi-
ments are considerably lower. The discrepancy is undoubtedly due both to the difference in energy of
the primary neutrons and to the difference in sensitivity of the detector. A possible explanation of the
discrepancy is that an appreciable number of inelastically scattered neutrons were counted by the fis-
sion detector. This possibility was investigated by observing the relative back scattering of lead and
platinum with a hydrogen argon filled chamber. The ratio of scattering of these elements could be
varied by changing the bias setting of the detector. At low bias the ratio was found to be even lower
than that reported by Frisch and McKibben.®

C. BACK SCATTERING, GAS CHAMBER AND 1.5-MEV NEUTRONS

1. Introduction

Back scattering and transmission from some of the scatterers were measured in cooperation with
Group P-2, using the Li(p,n) source.

2. Source

The number and energy of the neutrons emitted by this source depend strongly on the angle with
respect to the proton beam. As explained in the introduction (Section A), a weight factor has to be
introduced if the neutron intensity incident on the scatterer is not isotropic. The corrections applied
to the calculated cross sections because of the weight factor may be minimized by a proper choice of
the neutron distribution over the disk. This distribution is the one which most closely approximates
the case where each annular element of the scatterer receives the same average incident flux.
Measurements of the angular variation of intensity were made with the detector at the biases to be
used for the scattering experiments. These measurements led to the selection of the angle o between
the proton beam and the axis to be used in the scattering experiments. For an angle a = 40°, the
corrections on account of the anisotropic neutron flux amounted to less than 15 per cent.
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The target was about 70 kev thick which produces a spread of 0.08 Mev in 1.5 Mev. The energy
varied over the scattering disks, due to the finite angle subtended by the scatterer at the source,
between about 1.62 Mev to 1.2 Mev for 90° transmission scattering, 1.6 to 1.3 Mev for 60°, and 1.55
to 1.4 Mev for 30° and back scattering.

The neutron intensity during runs was monitored by a current integrator. All measurements are
based on comparisons over a relatively short time, at most an hour. Over much longer times no drift
was observed in target strength so that the current integrator was a reliable monitor. A check was
made with a BF; monitor which also showed the reliability of the integrator as a monitor.

3. Detector

The thick-paraffin radiator, although directional, is not sufficiently sensitive to low-energy neutrons
in the presence of those of high energy. The response of a gas chamber or thin-paraffin radiator is
much more favorable. Because of intensity considerations a hydrogen-filled ionization chamber was
used. This chamber counts reliably recoils due to neutrons down to 500-kev energy.

The chamber was a spherical copper shell, 1/64 inch thick, 3 inches in diameter. The collecting
electrode, a ball 1/4 inch in diameter was mounted on a 1/8 inch brass rod in the center of the sphere.
The whole interior of the chamber was plated with a .0005 inch-layer of gold to reduce the background.
The chamber was filled with 24 pounds of argon and 12 pounds of hydrogen. Under these conditions the
range of a 1.5-Mev proton is about one inch.

A negative collecting voltage of about 2100 volts was applied to the copper shell. As in the
measurements described in Section B, ‘‘electron collection’’ was used to allow one to use high counting
rates.

The interpretation of measurements with any detector involves the knowledge of the sensitivity
of that detector for neutrons of various energies. The sensitivity of the chamber was measured, at the
biases used for scattering, by changing theé eneigy of the neutrons from the Li(p,n) source from 300 kev
to 1.8 Mev. A fission chamber monitored the intensity of neutrons up to approximately 1 Mev. Above
this energy thie fission count must be corrected for the fission of U*®. However, in this region the yield .
curve for the Li(p,n) redction, as measured by the c.p. counter, is flat. Therefore, the current inter-
grator could be used to monitor the intensity above 1 Mev.

The sensitivity of a hydrogen-filled chamber for neutrons of eénergy E may be calculated readily
if the following simplifying assumptions are made: (1) neutrons are scattered by hydrogen isotropically
in the center of mass system; (2) recoils of longest range are completely stopped in the chamber; (3)
positive and negative ions contribute equally to each voltage pulse. With these assumptions the
distribution in energy of the recoiling protons is a constant up to the energy E, and 0 above E. The
nuinhber of recoils above a given bias energy Ep is:

N~ ¢(E) (1 - Eg/E) ~E-i(1—-Ep/E)

The theoretical curves shown in Figure 6 are calculatéd from this formula. Each of the theoretical
curves is multiplied by a normalizing factor to give best agreement with the experimental curves.
Calling the normalizing factor it the low bias 1, the factor for the medium bias is 0.65, the one for
the high bias 0.39. The deviation of thé éxperimental curves from the theoretical ones is undoubtedly
due to the fact that the ﬂsmpﬁons (2) and (3) were not fulfilled in the experiments: (2) because of
the finite size of the chamber and (3) because ‘‘electron collection” was used.

4. Detectilig Circuits
The chaniber was connected to a preamplifier and linear amplifier as described in Section B.3.

The pulses from the amplifier were fed into a three-channel discriminator which permitted the
simultaneous counting of all pulses above three biases which could be set independently. The outputs
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of the three channels were fed into three scale-of-64 circuits which operated mechanical recorders.
Frequent calibrations were made as described in Section B.3.

5. Geometry— Effect of Shadow Cone

The geometry used for back scattering from disks is shown in Figure 7. Since the gas chamber
is not directional, a paraffin cone was used to cut out the direct beam. Consequently, only the outer
portion of the disk was illuminated by neutrons from the source. The limiting angles of scattering
from the disk are 136° at the outer edge of the disk and 151° at the edge of the shadow. The calcul-
ation of the cross section involves the assumptions that the cone does not scatter an appreciable
number of degraded neutrons onto the disk, and second, that the cone casts a geometric shadow on
the disk. These assumptions require some justification.

The number-bias curve for the neutrons incident on the scatterer was measured by placing the
detector in a plane 16 inches from the target, its center 3.85 inches off the symmetry axis. This
placed the edge of the detector 1/4 inch outside the geometric shadow of the cone. The measurement
was made with the cone in place and without the cone in place. Because of the asymmetry of the
distribution, the same measurements were made on both sides of the cone. The neutron count was
approximately 3 to 4% higher with the cone in place. One may conclude that there is no appreciable
scattering from the cone. The neutron flux incident on the scatterer with the cone in place was meas-
ured by moving the detector in a plane perpendicular to the axis 16 inches from the target. These
data are shown in Figure 8. The flux without the cone was also measured as a function of angle to the
proton beam at a fixed distance from the target. This measurement was made several days later than
the experiment with the cone, but the curves for the illuminated part of the disk corrected for 1/R?
differences, agree in absolute magnitude to within 5% for all biases. It is also possible to calculate
the curves expected in the presence of the cone from those obtained without the cone by assuming a
geometric shadow and a given response across the finite size of the detector. The curves thus com-
puted are very sensitive to the assumed response of the detector, but the shadow may be located to
within 0.2 of an inch of the geometric shadow for any of several assumed shapes of the response.

These measurements lead one to conclude that the assumption of a shadow 2 inches in radius with
no disturbed flux outside, it is a very good approximation. In addition, measurements were made on a
Pb ring 7 inches ID, 10 inches OD. The cross section calculated from the Pb ring is in excellent agree-
ment with that calculated from the measurement using a Pb disk.

Rings were also used to measure 90° and 115° scattering. The ring geometries are shown in
Figure 9.

6. Procedure

The procedure in taking data was to record recoil counts per monitor count for three conditions,
(1) with cone with scatterer, (2) with cone without scatterer, and (3) without cone without scatterer.
This gave: (1)—(2)/(3) = C/C,. As in B.4, the cross sections are calculated from

' L %0
0 (9) = (I/27m) CD#/(ConxDy2 f K(r)dr)

Xj

Where D = distance between center of target and center of scatterer
8 = distance between center of detector and center of scatterer
D, = distance between center of target and center of chamber for the measurement
of the direct beam (in this case D, = 1)
1=D—3}
xj = radius of the shadow
Xq = outer radius of the scatterer

rXo
/ = the integral calculated by Olum from geometry (see Section B.4)
x.i
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For disk scattering, D = 16 inches, 1 = 13.25 inches, Xj = 2 inches, x;, = 5 inches

For ring scattering, D = 16 inches,1 = 17.26 inches for 90°, 1 = 15.27 for 115°, x; = 3.5 inches,
Xg = 5 inches

This gives the cross section per unit solid angle. These cross sections multiplied by 47 appear
in Table 4.

7. Discussion

Pb and W may be compared with measurements with C-d neutrons of 1.6-Mev energy maﬁe at
Wisconsin (CF-625). These investigations found the following values for 47 x o(6).

High bias, High bias,
Wisconsin  this report Wisconsin  this report
138° 137° 115° 115°
Pb 2.29 2.42 3.54 2.82
w 1.29 1.24 1.46 1.30

The combined errors of the two measurements is of the order of about 20% so that the agreement
in most cases is satisfactory.

D. TRANSMISSION EXPERIMENTS

Transmission experjiments were carried out at 1.5 Mev and 2.8 Mev. The 2.8-Mev neutrons were
obtained from the D-D source; the 1.5 neutrons were produced by the Li(p,n) reaction as described
previously.

The gas-filled ionization chamber whose properties are described earlier in this report served
as a detector. The amplifier mentioned in Section B.3, in connection with the three-channel discriminator
(see Section C.4) were used in the transmission experiments.

Figure 10 shows the arrangement used in these experiments. As explained previously, the angle
a was chosen in such a way as to make the variation of the neutron intensity (as measured by the
detector — to account for energy variation) across the scattering disk as nearly uniform as possible.
Measurements of the response of the detector at various angles with respect to the proton beam
(see Figure 8) showed that the condition of uniform variation was fulfilled best at 40° for 1.5-Mev
neutrons. In the case of the D-D neutrons the known angular distribution of the protons from the
D(d,p) B? reaction was used for determining the most suitable angle under the assumption that the
angular distribution of the neutrons is closely the same as that of the protons. The best angle ¢ turned
out to be 60° with respect to the deuteron beam.

Experiments were carried out at various scattering angles 6. The significance of the angle 6 is
explained in the introduction. The angles ¢ used were 30, 60, and 90° at 1.5 Mev, and 60, 90, 120° at
2.8 Mev.

The procedure in taking data was to couat recoils alternately with and without scatterer. The
number of recoils was divided each time by the count of the monitor in the same time interval. Denoting
the ratio with scatterer by C, and the ratio without scatterer by Cy, the cross section was obtained
from the formula C = C, 10X, where n is the number of atoms (or molecules) per em?® of the scatterer
and x the thickness of the scatterer. The values of ¢ obtained are shown in Tables 6 and 8. In addition
the values of no are given in Tables 7 and 9.

The results obtained for the 30° geomeiry (Table 3) should be about 5% lower than ‘‘good geometry”’
measurements. J. H. Williams (CF-507 and CF-~599) carried out such measurements at 1.5 Mev and
obtained 1:9 barns for carbon. This value may be compared with 1.78 given in Table 8. The difference °
is not outside the experimental error.
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Figure 10.

E. TABLES

In the following tables the cross sections are given in units of 107 cm®. In the case of compounds
the cross sections are given per molecule. The errors are the average deviations from the mean of
the values obtained in individual runs. The tables of the scattering per unit volume are based on
extimates of the highest density of the substance which one may expect to obtain. The density used
in the calculations agrees only in the case of the metallic samples with the density actually used in
the experiments. The cross sections are not corrected for the change in sensitivity of the detector
in case of energy loss in the scattering process.
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Table 2. Back scattering 3.1 Mev.

o in Earns
Sample No. Substance i.4-Mev bias 1.7-Mev biag
1 C .788+8% .485 7%
2 BeO .800X7% .593+9%
3 BeO 6762 6% .366*X7%
4 Al .661+6% .525*9%
5 SiC 1.47 + 5% 1.12 * 10%
6 Fe .611+49 .538%5%
7 Fe .808+4% .618+6%
9 ALO, 2.47 £ 5% 2.04 * 5%
10 w .382%£10% .349*11%
11 Pt A47216% 441 +8%
14 Au .587+6% .502 £15%
15 Pb disk 2.48 + 4% 2.29 * 5%
21 Pb ring 2.26 * 10% 2.00 * 10%

Table 3. Back scattering 3.1 Mev. Cross section per unit volume calculated

for optimum density of material.

Optimum Optimum 1.4-Mev 1.7-Mev
Substance density n/em® x 10724 bias bias

C 1.60 .0804 .0633 .0390
BeO 2.5 .0602 0445 0289
Al 2.79 .0623 .0412 0327
Sic 2.5 .0375 .0551 L0420
Fe 7.9 .0840 .0678 .0519
ALO, 2.8 0166 .0410 .0339
w 16.8 .0550 .0210 .0193
Pt 21.45 .0663 0313 .0293
Au 19.35 .0591 .0347 .0297
Pb 11.38 0331 .0821 .0758

[17
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Table 5. Back scattering— cross sections per unit volume for 1.5-Mev neutrons (Calculated for
optimum density of material).

9Q° 115°
Optimum 100V 230uV 265V 00V 230V 265uV
Optimum n/cm? 40-Mev .95-Mev 1.1-Mev .40-Mev .95-Mev 1.1-Mev
Substance  Density x 1072 bias bias bias bias bias bias
BeO 2.5 .0602 A7 .0843 .0505 .160 .0548 .0241
w 16.8 .0550 .142 0979 .0759 .155 .107 0979
Pb 11.38 .0331 .101 .0837 .0788 131 .116 .105
C 1.60 .0804 132 .0691 .0442 .120 .0482 .0225
Fe 7.79 .0840
137°
1004V 170uV  230pV 2654V
40-Mev .70-Mev .95-Mev  1.1-Mev
bias bias bias- bias
BeO 2.5 .0602 171 .102 .0535 .0253
w 16.8 .0550 147 .106 .0682
Pb 11.38 .0331 .101 .0854 .0801
C 1.60 .0804 125 .0820 0442 0177
Fe 7.79 .0840 .162 .108 .0925 -
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Table 8. Transmission— scattering cross sections for 1.5-Mev neutrons.

o (30°) o (60°) g (90°)
Sample Sub-  100pV  230pV 3254V 100pV  230uV  325uV  100uV 230 uV 3254V
No. stance 0.4 Mev .95 Mev 1.3 Mev 0.4 Mev .95 Mev 1.3 Mev 0.4 Mev .95 Mev 1.3 Mev
10 W 4.45 4.95 4,97 3.00 3.56 4.16 2.06 2.99 3.43
r29%  t49 *6% +2% *1% t4% 5%  *49 *+49%
3 BeO 3.29 3.46 3.52 2.02 2.56 2.94 1.18 2.04 2.76
+3%  t4g +7% 3% 5% *6% 110% 15% *10%
15 Pb  3.36 3.54 3.68 2.43 2.64 3.05 1.72 2.01 2.00
1% t4% 3% +3% 5% *20% 1% 9% +17%
7 Fe  2.25 2.46 2.56 1.59 1.87 2.02 1.03 1.47 1.74
+2% +8% 7% +49 *+5% X10%  *49 8% *12%
1 c 1.65 1.72 1.78 1.17 1.40 1.58 641  1.09 1.36

*2% *4% *11% *4% 4% *4% 1% *8% +10%

Table 9. Transmission— cross sections per unit volume for 1.5- Mev neutrons (calculated for optimum
density of material).

. no (30°) no (60°)
Optimum N o
Optimum  n/cm® 100pv 230uV 3250V ° 100pv 230uV  325uV
Substance Density x 10-24 0.4 Mev .95 Mev 1.3 Mev 0.4 Mev .95 Mev 1.3 Mev
w 16.8 .0550 .245 272 273 .165 .196 .229
Fe 7.79 .0840 .189 .206 .215 .134 157 .170
BeO 2.5 .0602 .198 .208 .212 .122 .154 A7
C 1.60 .0804 .133 .138 .143 .0940 112 127
Pb 11.38 .0331 111 A17 .122 .0805 0875 .101
no (90°)
100uv  230pV  325uV
0.4 Mev .95 Mev 1.3 Mev
w 16.8 .0550 113 .165 .188
Fe .79 .0840 .0865 .123 .146
BeO 2.5 .0602 0710 .123 .166
C 1.60 .0804 .0515 .0876 .109
Pb 11.38 .0331 .0569 .0665 .0662
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